Key insights This article focuses on weaning in terms of infant nutrient needs and the eff ects of early exposure on later food acceptance.
Introduction
During the first year of life, infants make the dramatic transition from an exclusively liquid diet to a mixed diet consisting of milk and a variety of complementary foods. The transition is necessary to address changing nutrient requirements of the growing infant and to prepare for the eventual cessation of breastfeeding or formula feeding in early childhood. The nutrient needs of the weaning infant must be met by a combination of the liquid diet and complementary foods, so it is important to provide nutrient-rich complementary foods. During this transition, the infant is likely to encounter a wide range of flavors and textures; the infant must have the oralmotor functioning skills and, in some cases, the manual skills needed to ingest such foods. Thus, it is not surprising that concerns about the introduction to complementary foods represent one of the primary matters discussed by mothers with their pediatrician [1] . This poses a challenge for health care providers because little evidence-based research addresses optimal complementary foods, or whether there is an optimal way to introduce these foods into the diet [2] . This paper focuses on complementary foods by first reviewing infant nutrient needs and then describing how mothers can help build the important foundation that early-life diet sets for later-life diet and health outcome.
Developmental and Nutritional Perspectives of Complementary Foods
Human milk is recognized by health authorities globally as the preferred source of nutrition for infants [3] [4] [5] [6] . In adequately nourished mothers, human milk contains the essential macronutrients, vitamins, and minerals required for healthy infant growth and development during early infancy [4, 7] . The concentration of vitamin D in human milk is notably low [8, 9] , and vitamin D supplementation for all breastfed and partially breastfed infants is recommended by some health authorities [10] . Additionally, adequate exposure to sunlight or supplementation with vitamin D for the lactating mother [11, 12] has been shown to increase circulating concentrations of 25-hydroxy-vitamin D in both the mother and infant. Human milk also contains numerous biologic components thought to confer nutritional and immunologic benefits throughout infancy, such as immunoglobulins, lysozymes, lactoferrin, ␣ -lactalbumin, and oligosaccharides [13] [14] [15] .
As the infant ages, transition to a solid food diet is important for both developmental and nutritional reasons. The introduction of solid foods is important developmentally because it may affect acceptance of foods both in infancy and later in life. Compared to infants introduced to solid foods between 6 and 9 months of age, infants introduced to solid foods at 10 months of age or later consumed fewer solid foods of all kinds and were less likely to be eating foods on the family table at 15 months of age [16] . A follow-up study of these same infants found that at 7 years of age, those introduced to lumpy solids after 9 months of age ate less of many food groups, including all 10 categories of fruit and vegetables, and were reported as having significantly more feeding problems, compared to those who were introduced to lumpy foods between 6 and 9 months of age [17] . However, we caution that these studies are associational and thus cannot reveal cause and effect.
The transition to solid foods in the diet is important nutritionally because the requirements for iron, zinc, and several other nutrients are greater in older infants (6-12 months old) than in early infancy (0-6 months of age) [18] . Thus, the nutrients provided by complementary/solid foods in the diet are of great nutritional importance to the older infant.
The introduction of solid foods is important developmentally because it may affect acceptance of foods both in infancy and later in life.
Increasing evidence indicates that there are critical or sensitive periods in life during which nutrition and growth may have a programming or long-lasting effect on later-life health outcomes, such as obesity [19] . One such period is infancy. Infants with high weight gain velocity ('rapid' weight gain) or greater increases in weight for length have been shown to have a higher body mass index and higher percent body fat at 6 months of age compared to their 'normal'-growing counterparts [20] [21] [22] . Further, numerous studies have shown that rapid weight gain in infancy is an independent risk factor for overweight and obesity in both childhood and adulthood [23] [24] [25] [26] [27] [28] . Further research is needed to determine if the impact of increasing fruit and vegetable consumption in older infancy affects weight gain in infants at high risk for rapid gain.
Guidance on Complementary Feeding
Health authorities worldwide have similar recommendations regarding the age at which complementary foods should be introduced. The American Academy of Pediatrics Policy Statement on 'Breastfeeding and the Use of Human Milk' states that 'complementary foods rich in iron should be introduced around 6 months of age' and that 'unique needs of individual infants may warrant introduction as early as 4 months of age whereas other infants may not be ready to accept other foods until approximately 8 months of age' [29] , while the American Academy of Pediatrics Committee on Nutrition states that 'complementary foods may be introduced between 4 and 6 months of age on the basis of developmental readiness and nutritional needs' [3, 30] . According to the European Society for Pediatric Gastroenterology and Nutrition, 'exclusive or full breast-feeding for around 6 months is a desirable goal', and 'complementary food should not be introduced to the diet of any infant before 17 weeks and all infants should start complementary feeding by 26 weeks of age' [31] . According to the World Health Organization, 'infants should be exclusively breastfed for the first 6 months of life […] thereafter, infants should receive nutritionally adequate and safe complementary food' [6] .
The timing of complementary food introduction has been proposed to affect later-life health outcomes such as obesity, with the hypothesis being that early an introduction may increase obesity risk [32] [33] [34] [35] [36] . However, a recent systematic review of the literature found mixed results and concluded that there is no clear association between timing of the introduction of solid food and risk of overweight and obesity in infancy and childhood [37] . Furthermore, both duration of breastfeeding and feeding type (human milk vs. infant formula) are risk factors for obesity [38] [39] [40] [41] , yet not all studies adjusted for these confounders. One recent study that did stratify subjects by feeding type found the introduction of solid foods before the age of 4 months to be associated with a 6-fold increase in the odds of obesity at age 3 years in formula-fed infants only [42] . Thus, there is some associational evidence that food experiences of infants, including timing of the introduction of complementary foods, can interact to affect later-life health.
Guidance on the type of complementary foods that should be included in the diet of older infants has been put forth by health authorities worldwide; table 1 summarizes the principles related to assuring adequate nutrient intake from complementary foods. It should be noted that guidance on the quantity of complementary food that should be included in the diet of older infants is less common.
Complementary Food Introduction

Current Feeding Practice
Despite the recommendations of health authorities worldwide, data on current feeding practices suggest that the introduction of solid foods before 6 months of age is common in many countries [43] [44] [45] . The 2002 and 2008 Feeding Infants and Toddlers Studies [43, 46] , designed to update knowledge on the feeding patterns of American children, revealed that despite the recommendations to delay the introduction of solid foods, 10.9% of infants between 0 and 3.9 months of age had received solid foods, predominately in the form of infant cereal; by 4-6 months of age, half of the infants had received infant cereal [43, 47] . The proportion of 6.0-to 8.9-and 9.0-to 11.9-monthold infants who consumed any fruit or juice on a given day was 64.5 and 80.6%, respectively, and in these same age groups, the proportion of infants who consumed any vegetable was 62.8 and 72.3% [43] . But perhaps more Guidance on the type of complementary foods that should be included in the diet of older infants has been put forth by health authorities worldwide.
alarmingly, the data on fruit and vegetable intake indicate that approximately 1 in 3 infants 6-8.9 months old and 1 in 5 infants 9-11.9 months old did not consume any fruit on a given day, and the same trend was observed for vegetable intake. Instead, they were more likely to be eating fatty foods and sweet-tasting snacks and beverages and less likely to be eating bitter-tasting vegetables. None of the top 5 vegetables consumed by toddlers was a dark green vegetable [48, 49] . The most commonly consumed vegetable was French fries. The proportion of infants eating a dessert, sweets, or sweetened beverage tripled from 6-9 months to 9-11 months, such that 43% of 9-to 12-month-old infants were consuming such foods on a given day [43] . Such dietary habits demonstrate that, at least in the United States, the actual intake of the macronutrients (carbohydrate, protein, and fat), antioxidants (vitamins C and E), B vitamins (B 1 , B 2 , B 3 , B 6 , B 12 , and folate), and bone-related nutrients (calcium, phosphorus, magnesium, and vitamin D) was greater than the 'adequate intake' level for these nutrients, indicating that the prevalence of nutrient inadequacy was likely low [47] . Since 2 out of 3 babies are being fed infant formulas at 6-9 months, we hypothesize that the consumption of this fortified product may be masking the low dietary intakes of such nutrients in solid foods. While mean and median intake of iron and zinc exceeded the 'estimated average requirement' for these nutrients in 6-to 11-month-old infants, there was a subset of infants who did not meet the requirements for these nutrients; 12% of infants had inadequate iron intake and 6% had inadequate zinc intake [47] . This underscores the importance of selecting and incorporating complementary foods rich in these nutrients.
Evidence-Based Strategies to Enhance Infant Acceptance
It is one thing to recommend how parents should feed their infants; it is another thing to provide effective tools for them to facilitate healthy eating early in life. Until the past decade, evidenced-based research regarding the optimal complementary foods and methods to introduce these foods was lacking in the scientific literature. Consequently, many feeding practices are based on idiosyncratic parental behavior, family traditions, or medical lore [50] . One example of medical lore is that infants should not have any prior experience with fruits before they are introduced to green vegetables, since their inherent sweet preferences will interfere with acceptance of foods that taste bitter. Although no data support the contention that experience with fruits hinders vegetable acceptance [51] , evidence from experimental research suggests that other early experiences promote healthy eating patterns. We focus first on the primary determinant of acceptance of fruits and vegetables during childhood -its flavor [52] . While there are innate responses to the basic tastes (e.g. children have innate preferences for high levels of sweet [53] and salt [54] ) and some individuals may be more sensitive to bitter tastes due to genotype [55] , there is an inherent plasticity in the development of these chemical senses that interact with early-life experiences to ensure that a child is not restricted to a narrow range of foodstuffs because of innate preferences for and aversions to certain tastes [see ref. 56, 57 for review]. That early nutrition has far-reaching effects on behavior is supported by emerging research that revealed the existence of periods during postnatal development in which the developing brain has heightened sensitivity to environmental influences [58] -heightened epochs of brain plasticity when the early environment is able to shape neural circuits and thus determine both structural and functional aspects of the brain, and thus behaviors. Such functional plasticity, one of the main characteristics of the human brain, highlights the ability to change behavior based on experience. Below, we summarize the basic research that reveals that sensory experiences before and at the initial stages of feeding complementary foods affect the child's food likes and dislikes.
Flavor of First Foods
Infants learn about flavors before their first taste of solid foods ( fig. 1 ) . Through experimental research, we have found that a wide variety of flavors that the mother either ingests (e.g. fruits, vegetables, and spices) or inhales (e.g. tobacco and perfumes) are transmitted to her milk and/or amniotic fluid [57, [59] [60] [61] [62] [63] [64] . In general, the intensity of the flavor in mother's milk increased significantly within hours after consumption and decreased thereafter. For all cases, the flavor change in the milk was transient and paralleled the changing concentration of the food volatiles in the milk [for a review, see ref . 57] . That amniotic fluid and breast milk share flavor profiles with foods eaten by the mother suggests that breast milk may be a 'bridge' between experiences with flavors in utero and those in solid foods. These variations in flavor from mother to mother and from feeding to feeding suggest that breastfeeding, unlike formula feeding, provides the infant with the potential for a rich source of sensory variety. The types and intensity of flavors experienced may be unique for each infant and characteristic of their family's culture. These are the foods their mothers eat and will likely be the foods that their mothers will feed them as they grow [65, 66] .
To experimentally test the hypothesis that pre-and postnatal flavor experiences affect liking of flavors at weaning, we conducted the first randomized clinical study in which pregnant women who planned to breastfeed their infants were randomly assigned to one of three groups that differed in whether and when they drank carrot juice [67] . Mothers in one group drank carrot juice for several days each week during the last trimester of pregnancy, those in a second group drank carrot juice for a similar period during the first 3 months of lactation, and While there are innate responses to the basic tastes, there is an inherent plasticity in the development of the chemical senses that interact with early-life experiences. 45 those in the control group drank water and avoided carrots and carrot juice during both pregnancy and lactation. When mothers' decision to wean their infants to cereal was established, we tested the infants' acceptance of a plain cereal on one day and carrot-flavored cereal on another. Infants who had experienced the flavor of carrots in either amniotic fluid or mother's milk responded more favorably (e.g. ate more, made less negative faces) to carrot-flavored cereal than did non-exposed control infants. Similarly, breastfed infants were more accepting of fruits and vegetables than were formula-fed infants [68, 69] , but only if their mothers regularly ate these foods themselves. In addition to being more accepting of cereal if it contained a flavor (e.g. carrot, fruits) previously experienced in amniotic fluid or mother's milk [67] , infants consumed significantly more cereal if it was prepared with mother's milk [70] than if it was prepared with water, and they displayed a series of behaviors signaling their preference for it. Adding mother's milk to the cereal may have made the cereal more palatable because it contained particular tastes and flavors that infants find attractive, either because of their inherent pleasantness or because of previous experiences with these flavors. Although never experimentally tested, we hypothesize that formula-fed infants may be more accepting of cereals if prepared with their familiar brand of formula. The convergence of research findings suggests that the transition from a diet based exclusively on milk or formula to a mixed diet may be facilitated by providing the infant with bridges of familiarity such that the infant experiences similar flavors in the two feeding situations.
We have suggested that these findings reveal a fundamental feature of mammalian dietary learning [57, 67] . By definition, mammalian mothers can produce milk to nourish their young. Invariably, the time must come for the young animal to accept solid foods. Thus, developmental processes must ensure that young mammals learn what to eat. One such developmental process is that young mammals learn about the dietary choices of the mother through transmitted flavor cues. Provenza and Launchbauch [71] puts this early learning from the mother in an ecologic perspective. Learned food preferences are transmitted from mammalian mothers to their offspring, resulting in greater biodiversity that benefits both plants and animals. Through such early experiences, young animals learn how to forage, acquire preferences for particular foods, and physically adapt to using particular types of foods.
This pattern makes evolutionary sense because the foods that a mother eats when she is pregnant and nursing are precisely the ones that her infant should prefer. All else being equal, these are the flavors associated with nutritious foods or, at the very least, with foods the mother has access to, and hence the foods to which the infant will have the earliest exposure. The varied sensory experiences with food flavors in mother's milk in those children whose mothers eat a varied diet may explain why children who were breastfed tend to be less picky [72] and more willing to try new foods during childhood [65, [72] [73] [74] .
Repeated Exposure to a Complementary Food
Facilitates Acceptance While breastfed infants have an advantage in initial acceptance of food if they have been exposed to the flavor in mother's milk [68] , once they are weaned to complementary foods, both breast-and formula-fed infants respond to repeated exposure to a food. As found in older children [75] , infants ate significantly more of a particular pureed fruit [68, 76] or vegetable [51, 68, 69, 76] after repeated exposure (around 8-9 days) to that particular food ( table 2 ) . Merely looking at the food does not appear to be sufficient since children have to taste the food to learn to like it [68, 77] . Mothers may be unaware of changes in acceptance as infants are repeatedly exposed to flavors of some vegetables and so they may give up too soon when introducing foods that have bitter tastes [68] . In one study, both breast-and formula-fed infants repeatedly exposed to green beans ate more green beans than did infants not previously exposed. Mothers were apparently unaware of these changes in acceptance, perhaps because they focused on the infant's facial expressions rather than on how much the infant ate. Instead, mothers should be encouraged to focus on their infant's willingness to eat the food and to continue to provide repeated opportunities to taste the food as well as other foods within that category.
That amniotic fluid and breast milk share flavor profiles with foods eaten by the mother suggests that breast milk may be a 'bridge' between experiences with flavors in utero and those in solid foods. 46 Experience with Variety Sets the Pattern for a Diversified Diet Dietary experience includes not only actually tasting the vegetable but also experience with a variety of flavors. Exposure to a variety of flavors between meals, not just repeated exposure to a single flavor or food, appears to facilitate acceptance of novel foods. Infants who were repeatedly exposed to a different starchy vegetable each day ate as many carrots after the exposure as did infants who were repeatedly exposed to carrots [51] . Similarly, repeated experience with a variety of fruits enhanced acceptance of a novel fruit, although it had no effect on infants' acceptance of green vegetables [68, 76] . Because rejection of bitter taste is innate, infants may need actual experience with bitter taste, or more exposures, to enhance acceptance of green vegetables [76] . That varied experiences with food flavors increase food acceptance may help explain why children who were breastfed are less picky during childhood [72] .
Because flavor variety is associated with greater variety in the nutritive content of foods [78] , a preference for varied flavors should ultimately increase the range of nutrients consumed and the likelihood that a well-balanced diet is achieved. In other words, the variety effect may reflect an important adaptive mechanism in the regulation of food intake among omnivores [78] [79] [80] [81] .
Because flavor variety is associated with greater variety in the nutritive content of foods, a preference for varied flavors should ultimately increase the range of nutrients consumed and the likelihood that a well-balanced diet is achieved. That the effects of experience with variety may be more pronounced during early development is suggested by laboratory and field studies [80] . Immature and mature laboratory rats drank either one or three different types of flavored water with their food for 12 days. Initial acceptance of a novel liquid was greater in those immature animals that experienced the variety of flavored waters. Comparable findings were not observed in mature animals [80] . In field studies, Scott and Provenza [82] demonstrated that when the nutritional content of the diet was held constant, lambs preferred to forage in locations that offered a variety of flavors. Exposing young calves and sheep to a variety of foods and different locations minimized transition problems to new environments. In other words, early experiences with diversity prepared young animals for diversity or unfamiliarity later in life, which in turn enabled them to best select a diet that suits their needs. It is not that older animals cannot learn to accept new foods, it is just easier and quicker to teach a younger animal [71] .
Animal model studies have revealed that weanling rats repeatedly offered a variety of foods within meals ate more than those exposed to variety between meals [83] . Therefore, we conducted an experimental study to determine whether experience with a variety of vegetables within a meal as well as between meals would lead to greater acceptance of vegetables [76] . We found that both variety groups ate more of all three of the target foods (green beans, carrots, and spinach) after the exposure period than did the group that was repeatedly exposed only to a single food with no variety [76] . It is unclear what infants 'learned' from the between-and within-meal varied diet. Studies on rats and humans have indicated that the variety effect was more robust when the foods had pronounced sensory differences [78, 83] . Because the pairs of foods fed to the infants within each meal always included a green and an orange vegetable, infants experienced contrasts across many sensory domains: color, texture, and flavor. Moreover, these infants also experienced different pairs of foods and ate varying amounts of these from one day to the next, providing them with sensory diversity. Exposure to such multiple sensory contrasts might have accelerated the 'transfer of diversity' effect by providing more varied flavor experiences and more opportunities to develop conditioned flavor preferences based on the post-ingestive reinforcing effects of these nutritious foods [84] . Such feeding strategies, providing novelty in the context of a familiar food, might prove to be an optimal combination to progressively accustom infants to a diversity of novel foods. Moreover, the sensory diversity within a meal might help to prevent sensory-specific satiety, i.e. the decline in perceived pleasantness compared to that of other foods, which is greater in meals with less varied flavors [78] .
Taken together, this body of research suggests not only that infants can clearly discriminate flavors but also that repeated opportunities to taste a particular food and a variety of foods may promote willingness to eat fruits and vegetables, the consumption of which is generally low in the pediatric population and the acceptance of which is difficult to enhance beyond toddlerhood [85] .
Conclusions
The well-documented pediatric obesity epidemic [86, 87] and dramatic increases in its associated clinical diseases are major public health challenges facing countries globally [88] [89] [90] [91] . The long-lasting impact of early nutrition on health (obesity [32, 92] , metabolic syndrome [93] , and mortality from cardiovascular disease [94] ) leads some to argue that the focus should be on early life for both preventative intervention and further scientific inquiry [19, 93, 95] . One dietary strategy to prevent or treat obesity in children and adults combines an increased consumption of foods that are rich in nutrients and fiber, yet low in excess energy from added sugars and fats (e.g. fruits and vegetables) with a decreased consumption of energy-dense and less nutritionally desirable foods (e.g. French fries and desserts). The type of complementary foods introduced in infancy not only affect current nutritional status but possibly also food preferences in later life [17, 65] . Although many of these studies are correlational in nature [96] and do not reveal cause and effect [97] , it is entirely possible that an increased fruit and vegetable consumption early in life may lead to a life-long intake of fruits and vegetables, which in turn may be beneficial for weight control in later life [98] .
The experimental research on flavor learning during infancy described here suggests not only that infants can clearly discriminate the flavors of different fruits and
The types of complementary foods introduced in infancy not only affect current nutritional status but possibly also food preferences in later life. 48 vegetables, but also that repeated experience with a particular fruit or vegetable and a variety of these foods promotes the willingness to eat these complementary foods and, it is hoped, preferences for the tastes of these foods in the long term. The consumption of fruits and vegetables is generally low in the pediatric population [99] . Developing strategies to promote the liking of the taste of healthful foods is extremely important since the best predictor of fruit and vegetable intake is whether children like how they taste [100] . Because mothers may be unaware of incremental changes in acceptance, mothers should focus on the infant's willingness to eat the food rather than their facial expressions, and continue to provide repeated opportunities to taste the food, as well as other foods within that food category. Because there is no evidence that supports the need to restrict or avoid any foods for weaned infants who are not at risk for allergies or atopy [2, 31, 101, 102] , introducing children repeatedly to individual as well as a variety of fruits and vegetables, both within and between meals, will help them be more accepting of fruits and vegetables, which is difficult to enhance beyond toddlerhood [103] .
